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Abstract—Modular self-assembling on-orbit robotic and  the systems with greater agility and flexibility in fuel usage
satellite systems can be more reliable, have lower launch management. Moreover it enables the introduction of
costs, and be more easily repaired and refueled. additional control constraints, for example those related to
However, when individual modules assemble, many Plume impingement.
challenges and opportunities make the control of the  Consequently, modular orbiting satellites and robotics
assembled system complex. These issues include changeystems have the potential to be simultaneously less
in inertial properties, and redundancy of actuators and €xpensive and more responsive, adaptable, and robust to the
sensors. Optimal control methods may be used to failure of one of its module. With these benefits come
coordinate the control of the modules after assembly, Significant, and largely unaddressed, control challenges.
insure good performance, and best utilize the combined These challenges result from the dynamic interactions
resources of the assembly of modules. Simulation and between modules, the changing inertial properties, structural
experimental results compare this Cooperative compliance, and sensor and actuator redundancy.
algorithm’s performance to that of an approach in which The control of formation flying orbital systems has been
the control of the individual modules is not coordinated. well studied, as well as the control of spacecraft and space
Cooperative optimal control methods prove well-suited robots maneuvering in close proximity for rendezvous and

for controlling redundant, modular space systems. docking procedures. Orbital formation flying concepts
distribute the functionality of large spacecraft over a set of
I. INTRODUCTION cooperative, smaller, less expensive spacecraft which do not

ehysically contact each other. Work in this field has focused

modular approach to self-assembling on-orbit roboti ) N . )
modeling, coordination and control, simulation, and

systems and spacecraft has great potential for reducﬁ@ . ! )
costs, increasing long-term reliability, and providing thgutonomous formation .reconflgura'uon [4]. [5]. I[6].
means for rapid repair and refueling. Such a spacecraft g;)wever, the eIer_nent.s In th.ese syste_ms do not face the
space robot would consist of an assembly of a number allenges of physical interaction found in the modular space
modules, each designed for specific tasks such as propulsi'i%fOt concept addressed here.
payload, fuel storage, etc. See Fig. 1. The modules within a
system could share resources such as power, sensors, A
computational capabilities, and data. The modules’ small
size and the maintenance of an on-orbit module inventory
enables launching flexibility. Moreover, the possibility of
mass producing simple modules rather than individually
crafting unique satellites offers great potential for design and
production savings [1]The modular approach also provides B
redundancy. The ability to completely replace failed modules
will greatly increase robustness to failure [2], [3].

In this concept, system assembly takes place in orbit.
Hence, each module is required to carry sufficient attitude
control actuators (thrusters and reaction wheels) and sensors
to permit free-flying control and docking. These multiple
sensors give the assembled system substantial sensor ,csempiies capturing a sate
redundancy that can be used with sensor fusion techniques tg

minimize sensor errors. The actuator redundancy can provide ubstantial work has also been don_e on the dynamics and
control of the rendezvous and docking of spacecraft and

o _ _ S space robots [7], [8], [9], [10]. These works have focused on
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mass properties of the joined system. These problems maétach thrust, and the relative distance of the thrusters from
be investigated to properly control self-assembling modul#éine global center of mass.e. geometry of the thruster
space robots and spacecraft. One of the few studies that hplae=ement. Using such a compartmentalized approach, the
considered the control of assemblies uses the SPHER&mMamics and the control strategies can be easily adapted to
platform [11]. any configuration, by updating thB matrix. Simulations

In this paper, the analytical development of a Cooperativlemonstrating this adaptability to multiple modules have
Control approach, in which control efforts are coordinatedeen done and will be covered in future publications.
between the modules using linear quadratic regul_ator (LQR)A. The Control Problem
methods, is presented. This approach uses optimal control

methods to coordinate the control of the modules afterpor 3 fixed system configuration, a stable and effective
assembly to insure good stable system performance, andy{gyde and maneuvering control system can be designed
best utilize the combined resources. The algorithm balanqﬁng well known methods. However. when the individual
trajectory error, plume impingement, total fuel consumptio%odules assemble themselves, a number of factors enter,

as well as the distribution of fuel consumption amon . ; .
. L aking this problem more complex. These include changes
modules in determining actuator commands and thruster . = . .
inertial properties and redundancy of actuators and

selection. It is important that the system balances the fel . I
nsors. Each module could control itself as if it were

usage between modules since fuel is difficult to redistributg® o
Simulation and experimental results are presented for ffglependent, so that control would be distributed and not

algorithm’s performance and compared to those of a contigfoPerative. However, this control algorithm would clearly
approach in which the control of the individual modules i8¢ Suboptimal and would potentially have robustness issues.
not coordinated after assembly, called here Independér’ example, measurement errors and noise, as well as
Control. The simulations are done for a representatiWcertainty in actuator thrusts could produce control errors
system consisting of an assembly of nanosatellite modul&gat would cause the individual modules to “fight” against
The experimental results are obtained using the MIT Fielhch other. This results in increased fuel consumption,
and Space Robotics Laboratory (FSRL) Free-Flying Spab@her trajectory errors, and higher internal constraint forces
Robot (FFR) Testbed [12], [13]. Both the simulations anth the docking mechanism between modules. In extreme
experimental results show the effectiveness of the proposgegkes the result could be destabilization of the system.
control approach. The Cooperative Control approach

performs better than Independent Control, yielding lower B The Control Concept and Performance metrics

trajectory errors, and lower fuel consumption. A more effective way to control the assembled modules,
and minimize the above problems, is Cooperative Control,
Il. SYSTEMMODEL AND ASSUMPTIONS i.e. a single well integrated architecture that reflects the

A number of simplifying assumptions are made i
modeling the system. For clarity, a 2D planar case |
considered, and in both simulations and experiments, ) .
trajectories consist of sequential, not simultaneous,several metrics are used to develop and evaluate this

translation and rotation elements. More complex trajectoriég nt(r:?(le dafep;(racr):rC\rc]é ;Zieﬁrsér ISTr:zesetgr?gtpsrythzrrcoc:nt?glIea;’s
have been tested in simulation but are beyond the scope Slfe i UVer. '
el consumption. The total amount of fuel consumed and

this paper [14]. The small effects of solar pressure, gravi e control algorithm'’s ability to direct fuel usage among

gradient, and thermal warping are neglected. The orlg . ; .
altitude is assumed sufficiently high so that aerodynamEOdUIeS are considered. Finally, the magnitude of forces

effects are also negligible. Further, it is assumed that the ti %tween connected modules indicates .the degre_e tc_) which

scale for an assembly’s operations is much shorter than EHS thrust commgndg .Of. modules conflict. Coordination of

orbital period, so that the effects of orbital mechanics are n'@PdUIe control will minimize these forces.

included. The compliance of the system elements is alseC. Proposed Optimal Cooperative Control Algorithm

neglected. Finally, the modules are assumed to have thrusters

but not reaction wheels. As a result, the dynamics of theSince the system is time-varying linear, a linear quadratic

assembly, or an individual module, may be approximated ggulator (LQR) optimal controller is used to minimize

the simple linear equation errors during a maneuver while minimizing total fuel usage
X = AXx + Bu Q) and balancing the fuel usage among modules. The cost

wherex is then x 1 state vector and is ther x 1, where functionJto be minimized is:

r=pxm, pis the number of thrusters per module amés t

the number of modules composing the assembly=dx" (t,)HX(t,) + j(@(T (H)QX(t) +u'Ru )dt (2)

Since there is no damping, th matrix contains simple to

integrator dynamicd.e. zeros and ones. All the information

related to the assembly configuration is contained inBthe

matrix: inertial characteristics, number of thrusters, directi

ooperative Controller provides good performance and

gurrent configuration of modules. Developed below, a
& ability while exploiting sensor and actuator redundancy.

wheredx = x4 - X is the trajectory errobx'(t) H ox(t;) is the
cost at the terminal timg Q, andR are square matrices. The
Ofikst term in the integral penalizes errors in following the



trajectory command, whilai'Ru is the cost on the fuel in previous literature [11]. It searches through the thrusters to
consumed by the thrusters. The control strategy has to dssign one thruster to supply each component of force or
computed ahead of time. The optimal solution is [15]: torque. The forces and torques to be applied at the center of
u(t)y= _R—lBTl:W(t YX(t)+ EV(t )} mass are computed and _the compon_ent_s comma_nded from

' 2 ) the specified thrusters. This approach is simple, reliable, and

does not require an expensive gain calculation, with a
consequent saving in computational cost. However, it is not
optimal and does not enable the easy addition of constraints

wheret, =t;—t is the remaining time. The matri(t,) is
obtained integrating the Riccati equation in (4) .

aw =W(t,)A+ ATW(t,) - such as Fuel Balancing. Consequently, it is less general than
dt, ) the Cooperative LQR approach and does not provide means
W (t,)BR™'B'W(t,) +Q of minimizing fuel consumption.
The matrixV(t;) can be found by integrating equation (5). . SIMULATIONS
dv — AT _ -1pT _
E_ AV(L) =W()BRTB V(L) = 2Qx g (5) A. Case Study: Description and assumption
A closed loop control can thus be obtained from (3), using TO facilitate the design of
the time-varying gaind\t,) and \(t,) that are computed ~controllers, the case of twc

priori. This controller automatically selects thrusters forfjanosatellite  modules i
redundant sets to minimize fuel consumption. considered. See Fig. 2. Eac %

In order to address such issues as plume impingement éplcadgle is equipped with .tWO
the balancing of fuel consumption, the proposed algorith{ﬂan'pmators i an_d e'?ht
adjusts theB matrix. B is a nxr matrix, that can be rusters, resulting in a total o
decomposed as follows

16 thrusters for the assembly I
_ Commands are continuous |
B =B [Bpc (B (6) The modules have a mass ¢ :
B is an x r matrix which translates thruster inputs into nef0 kg, dimensions on the orde |
forces and torques about the principle axes. It describes #fe 0.5m, and a maximum [
behavior of the system including all thrusters without anfp@nipulator reach of 20 crr :
special adjustment®pc is ar x r matrix that introduces the An assembly composed of twc @@
Plume Impingement Constraint (PIC), by removing th8anosatellites with identical .,
contribution of those thrusters that are poorly positionegharacteristics (mass, momer &
Thus Bpc acts as a selection matrix: all the non diagon:9f inertia, t_hrusters '°Ca“°T‘ %
elements are zero. The diagonal elements related to unus g .saturatlon threshold) 'f :
. . considered. The assembl X
thrusters are zero, while those diagonal elements related”to

- onfiguration is symmetric,
well positioned thrusters are one. Note that the metho ﬁhough the method extends to asymmetric assemblies and
developed for PIC may also be used to compensate

- . ) ! n-identical modules. Manipulators connect the modules.

malfunctioning thruster8Bgg is ar x r matrix that introduces These manipulators are locked and are assumed rigid. For
a weighting based on a Fuel Balancing (FB) constraint. Thignyjicity, modules are equipped only with thrusters in these

insures balanced fuel consumption among the includeghyiations. The reference trajectory is planar and composed
modules so that resource levels stay evenly apportioned. IS two sequential parts: a translation in tpedirection,

a diagonal matrix whose elements are weights based &arting and ending with zero velocity, and a rotational

relative fuel levels related to each module. The weighting feotion around the axis normal to the plane, Fig. 2. The

the same for all the thrusters belonging to the same moduhéssion duration is 30 s, each parts lasts 15 s.

and has to be computed at every instant, taking into accougﬁ Simulation Results

possible leaks of fuel or differences between actual and™

commanded thrusts. A different approach to fuel balancingThe Cooperative Controller and the Independent
can be followed if the difference in fuel levels is knoan Controller were investigated and compared. Both the control
priori: the fuel usage distribution can be regulated usirgtrategies had good trajectory tracking performance, with the
different weights in the LQR gains computation: in particulaCooperative Controller producing slightly better results. Fig.
the R matrix, which is a diagonal matrix, can be written using shows a comparison of the tracking performance. The
weighted gains for each robot, so the fuel distribution idependent Controller produces small oscillations when the
optimal and computed ahead of time. system is commanded to keep constant attitude angle,
Cooperative Control enables the easy incorporation Bgcause of the antagonism of the two independent
additional modules and constraints in an optimal fashigipntrollers. Similarly, a small drift along and oscillations

through theB matrix. An alternative approach is developed’bOUt the reference trajectory in tNe direction can be seen
in Fig. 3. Fig. 4 shows that the total fuel consumption for the

Fig. 2. Reference Trajectory.



force/torque sensors. The robots have 7 DOF in total (2
module DOF’s in translation and 1 DOF in rotation, and 4

Caop

2 Assembly Trajectory Data | INoeR : L : :

A S e reference | DOF's for the manipulators’ joint motions), all of which are
= LosE M R controllable and observable. Throttled thrust commands are
L = T3 e achieved by commanding individual thrusters with a pulse

Al - - ' - | width modulated signal. All actuators and sensors are

0.5 i controlled by an on-board computer and powered by
E T onboard batteries, so that the robots can work without any

S .
e g e i i i i , externally connected cables. Under Cooperative Control,
100 o both modules in an assembly are controlled by the
= : s processor on one module. While not currently used, the
= additional processor of the remaining module is available

00 1 1 1 I 1 i H H H

5 2 e o 30 = o for computanonally expensive tasks such as gain
Tima [] recalculation. The experimental operator can access the
Fig. 3. Simulation Trajectory Tracking Performance onboard computer using wireless LAN adapters. The

maximum thruster force is approximately 0.1 N.
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Fig. 4. Simulation total fuel consumption. The waatiline indicates
the switch from translation to rotatic
two controllers is very different: the Independent contro,
used 82% more fuel than Cooperative Controller. In the .
figure, the fuel consumption has been normalized wit ampulator end-effectors were magnetically conngcteq
respect to the total fuel used under the Cooperative Controfu'"nd the tests. The manipulators attemp_ted to maintain
Adding the Plume Impingement Constraint (PIC) to thgonstant modulg mternal geometry during the. tests.
Cooperative Controller did not change performancEOWever, compliance in the manipulators and in the
significantly. Fuel consumption was roughly the same. connections introduced some flexibility.
Applying the fu_el bglancing c_onstraint to the_controller A. Cases studied
produced the desired inequality in fuel consumption rates a
well as in an increase of the total fuel usage of approximatel
6%. This result is not unexpected, since Fuel Balanci
constraints can alter the penalty on overall fuel consumptio

Fig. 5. FFR Testbed showing two robot modules imssembly.
For the experiments discussed here, the robots’

sI'wo controllers were investigated: Cooperative Control,
d Independent Control. A number of variations on
ooperative  Control, including Plume Impingement
onstraint (PIC) and Fuel Balancing (FB) were tested.
For the majority of tests, the reference trajectory is a short
translational maneuver of a distance of 0.75m using a
To validate the simulation results, an experimental stu@pnstant-velocity step in the Y direction, starting from rest.
of the Cooperative Controller was performed, using the MIfvhen testing the Cooperative Control with, and without
Field and Space Robotics Laboratory (FSRIge-Hying Plume Impingement Constraints, a 90° rotation trajectory
Space Rbotics (FFR) Testbed [12], [13]. See Fig. 5. was used, as the simple translational maneuver created
The FFR Testbed consists of two multi-arm, 6.5 kg robotainimum plume impingement potential. In this case, the
floating on CQ bearings to emulate microgravity in tworobot assembly started at rest and was commanded to follow
dimensions. For these tests the robots floated on a 1.3 n gtep command in rotational velocity.
2.2 m polished granite table. The robots are equipped Withg  performance metrics

two Scara-type two-joint manipulators, eight thrusters, two . .
yp J puiat gn . The performance of the investigated control methods were
module position sensors that provide position and veI00|tCy

. . ompared using the following metrics.
data, four manipulator joint angle encoders, and two P g g

IV. EXPERIMENTAL VALIDATION
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Fig. 6. Median fuel consumption for Cooperative and Independent Control.

Note the distinctive reduction in slope of the Cooperative line at time 1.5 $ig. 7. Median Y and® RMS error for Cooperative and Independent
Control. Y performance is equivalent. Cooperative Control has much

Fuel consumption: The total amount of the fuel (GO lower® error.

gas) consumed by the individual robots during the test was

estimated from the thruster command history. These values

do not include the C{as used to float the robots.

TABLE |
COOPERATIVECONTROL VSINDEPENDENTCONTROL

Trajectory Error: The root mean square error (RMS error COOPERATIVE ~ NDEPENDENT P VALUE
or _RMSE) that each contrpller achleve_s_ on the comman(_jed Towl Fuel 254 799 <0001
trajectory was also considered. Position and orientation consumption
errors were collected in addition to their derivatives. The X RMSE 0.9cm 1.2cm <0.001
velocity error metrics were calculated using data from only =~ Y RMSE 6.2 cm 6.3 cm =0.456

Y’ RMSE 2.4cm3 24cmé =1.000

the final% of the duration of a test in order to allow initial
transients to decay.

To evaluate each controller, a total of 10 trials were run Notep < 0.05 corresponds to statistical significance.
using the appropriate trajectory. The means of collected fuel TABLE Il
usage_ and tr_aje_(?tory R_MS error Val_ues were compared for COOPERATIVECONTROL VSCOOPERATIVEPIC CONTROL
statistically significant differences usitidests. In all cases,

® RMSE 0.164° 1.900° <0.001

L YL . COOPERATIVE

statistical significance corresponds o< 0.05, indicating COOPERATIVE PIC PVALUE

that there is a 5%_ probability that_the observed results could™ Total Fuel 1479 120 g <0.001
occur when there is no difference in the means. Consumption

X RMSE 0.7 cm 0.7 cm =0.255
C. Results Y RMSE 0.2 cm 0.3cm =0.253
: : ; © RMSE 2.86° 2.95° =0.387

Table | lists mean fuel consumption and trajectory RMS & RMSE 0.05 *d 0.05 od 0.003

error for experimental results on the Cooperative and
Independent Controllers. These results show that theNotep<0.05 corresponds to statistical significance.

Cooperative approach is superior. The Cooperative Conteyiror for experimental results on the Cooperative and
used 43% less fuel (45 g) than the Independent Cont@boperative with Plume Impingement Constraint (PIC)
(79 g). See Fig. 6. The change in slope indicates where Bentrollers. While the additional constraint effectively
Cooperative Controller reduces fuel consumption after initiglrevented the use of poorly-positioned thrusters as desired,
acceleration. Much of this savings resulted because undeere were negligible reductions in trajectory tracking
Cooperative Control antagonism between the modufeerformance. A significant difference was only found
propulsion systems is avoided, allowing the assembly tetween the mea® RMS errors. However, this difference
enter a coasting mode and fire thrusters only occasionallywas only 3%.

maintain trajectory. Under Independent Control, small miss- Unexpectedly, the addition of the plume impingement
alignments and compliance in the connecting links fosteonstraint reduced total fuel consumption by 18%. This
small oscillating fluctuations in assembly geometry andccurs because with PIC the assembly no longer directs
wasted thrust. The Cooperative Control also had bettéruster plumes against its own surfaces thereby wasting
trajectory tracking performance (see Fig. 7) with significarthrust and fuel.

improvements in X RMS error and, most notaldy, RMS Table 11l lists mean fuel consumption and trajectory RMS
error where the Cooperative LQR controller reduced mearror for experimental results on the Cooperative and
error by 91%. Cooperative with Fuel Balancing (FB) Controllers.

Table II lists mean fuel consumption and trajectory RM§xperimental  results demonstrate, with  statistical
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Robot 1 Fuel 229 209 <0.001 this research. In particular we would like to thank Patrick
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Robot 2 Fuel 2249 239 =0.068 .
Consumption Tatsuro Nohara, and Masahiro Ono.
Consumption 1.00 1.18 <0.001
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should also greatly improve performance.



